The instantaneous luminosity of the Large Hadron Collider (LHC) is being increased in several steps over the next 10 years to maximize its discovery potential for new physics. However, at a luminosity of twice the design luminosity of the LHC of 10 34 cm −2 s −1 , the performance of the current CMS pixel detector is degraded by substantial deadtime caused by the readout chip (ROC). To make full use of the proton-proton collisions being provided by the LHC, CMS will replace its pixel detector during the extended winter shutdown in 2016-2017 with a new detector with four barrel layers and three disks in each endcap. Module production includes bump bonding, wire bonding, and gluing processes, as well as a series of functionality tests, calibrations and thermal cycling. One of the calibration steps is the X-ray calibration, which provides an absolute energy calibration of an internal calibration circuit. This circuit injects charge into the preamplifier to simulate a signal, and is used to define several parameters of the readout chip, including the threshold. Therefore, an absolute calibration is required in order to know the threshold in units of electrons. In this article, the barrel module assembly is explained, with a special focus on the X-ray calibration of the pixel detector. ABSTRACT: The instantaneous luminosity of the Large Hadron Collider (LHC) is being increased in several steps over the next 10 years to maximize its discovery potential for new physics. However, at a luminosity of twice the design luminosity of the LHC of 10 34 cm −2 s −1 , the performance of the current CMS pixel detector is degraded by substantial deadtime caused by the readout chip (ROC). To make full use of the proton-proton collisions being provided by the LHC, CMS will replace its pixel detector during the extended winter shutdown in 2016-2017 with a new detector with four barrel layers and three disks in each endcap. Module production includes bump bonding, wire bonding, and gluing processes, as well as a series of functionality tests, calibrations and thermal cycling. One of the calibration steps is the X-ray calibration, which provides an absolute energy calibration of an internal calibration circuit. This circuit injects charge into the preamplifier to simulate a signal, and is used to define several parameters of the readout chip, including the threshold. Therefore, an absolute calibration is required in order to know the threshold in units of electrons. In this article, the barrel module assembly is explained, with a special focus on the X-ray calibration of the pixel detector.
CMS pixel upgrade for Phase I
After an impressive performance during Run 1, the Large Hadron Collider (LHC) at CERN will likely achieve the designed luminosity of 10 34 cm −2 s −1 at 25 ns bunch spacing already in 2015. Under these conditions, CMS will experience an average of about 25 inelastic interactions per bunch crossing (pile-up) [1] . It is anticipated that the LHC will deliver a peak luminosity of twice the design value already before 2018. The CMS pixel detector must keep its performance despite the increase of pile-up events up to and exceeding 50. The present system will not sustain these extreme operating conditions, therefore it is planned to exchange the CMS pixel detector with a new device, referred to as the Phase-1 pixel detector [2] , during the winter technical stop 2016-2017. The CMS performance will be upgraded in the following terms:
• A fourth layer in the barrel detector and a third disk in the forward part will be added with respect to the current detector (barrel layer 1 with a minimal inner-most radius of 2.9 cm) for an improved efficiency and resolution.
• Less material budget due to an ultra-light support structure of carbon fibre and less cooling material using CO 2 . The powering scheme will be optimized (DC−DC converters) and electronic services will be partially moved outside the tracking volume.
• A new readout chip (ROC) [3] has been developed with larger trigger latency buffers and additional readout buffers to reduce data loss, and 160 MHz digital output to increase bandwidth to gain in communication speed. 
Pixel Module Components and Testing
A module is the smallest unit of the CMS pixel detector as seen in Fig. 1 . All components have to be carefully tested before being used in the module assembly. The main components and qualification procedures are briefly described below. The sensitive element is a n + -n silicon sensor with a dimension of 67×18.6 mm 2 and a thickness of 285 µm. It has 66560 pixels with a size of 100 × 150 µm 2 each. It is expected that the efficiency will be fully sufficient at the anticipated radiation level of 1.5×10 15 n eq /cm 2 (250 f b −1 at R=3 cm) [4] . An array of 8×2 ROCS is connected via bump bonding to the silicon sensor. This structure is called Bare Module.
The sensor leakage current as a function of bias voltage is tested on wafer level and bare module level. A leakage current of less than 2 µA at a bias voltage of 150 V is required. In addition, the slope of the I-V curve defined as the ratio of the current at 150 V and 100 V, I(150 V)/I(100 V), should be less than 2.
All ROCs are tested on the wafer level to identify ROCs that are fully functional. Once they are on a bare module, ROCs have to pass again functionality tests and a bump bonding yield test at module production centers. Internal calibration signals are injected capacitively into the silicon sensor. The efficiency is measured per pixel versus the threshold and the threshold is taken at which the efficiency is equal to 50 %. A reasonable cut is needed to distinguish reliably between good and ROCs are connected and powered through a high density interconnect (HDI) flex circuit (numbered as 2. in Fig. 1 ). It is equipped with the passive elements (capacitors and resistors) and tested by the vendor. A token bit manager chip (TBM), that controls the readout of the ROCs and distributes clock, trigger and reset signals, is tested by the vendor and mounted on top of the HDI at module production centers. Then, both components are tested together with a needle probe card.
To mount a module to the mechanical support structure, two 250µm thick base strips made of Si 3 N 4 are located on the back side of a module. Finally, power and control signals are distributed to the HDI by a single micro twisted pair cable.
Full Module Assembly
In this section the steps required to build a full module are described. The TBM is first glued and then wire bonded to the HDI and then tested. The bare module is glued to base strips. The glue is applied via stamps with the appropriate pattern. Afterwards, in a gluing jig previously aligned, both components are joined together. Finally, a curing time, depending on glue characteristics, is needed for a correct assembly.
All gluing procedures are done by hand. Therefore, it is crucial to use special tools in order to assure fast and safe operation. The dedicated tools have been designed and built at Paul Scherrer Institute (PSI) in Switzerland. The tools include a precisely machined base-plate, a micro-screw system for alignment and a lifting mechanism. The base-plate and lifting system are equipped with a vacuum system that keeps the components in place until the glue has cured. The next step is to glue the HDI onto the top side of the bare module in the same way as described above. Each gluing step is done on a separate jig that ensures the exact placement of the parts. Finally, wire bonds connect the ROCs to the HDI, using bond pads on the peripheries that extend 2mm beyond the sensor along the two sides of the module.
The upgraded BPIX pixel detector requires 1184 full modules to be produced. This task is shared among different institutes from all over the world as described in table 1. 
Full Module Testing
Once a full module is ready, it is important to verify that all pixels function correctly and that each ROC can be programmed properly. In addition, it is essential to test that all calibrations of a module produce reasonable results. The full description of the module qualification procedures and the results can be found in [2] . In the following, the tests required for the validation of a full module are briefly described.
Cold box testing
Testing a full module in a cold box allows to validate a proper functioning of the module under temperature variations. Four full modules can be tested at a time.
The full module is subjected to 10 thermal cycles between +17 • C and -25 • C to check the behaviour under different temperatures. This test ensures that the module can be operated at working temperature determining all relevant parameters. The full test procedure described below will be performed twice at +17 • C (before and after the whole thermal cycling) and also at -20 • C. The complete test procedure and the analysis of test results will be fully automated. The final results and full module grading will be sent to a common database and appear on an automatically generated web page.
The tests and qualification process are described in the following. First, all ROCs have to be set to an operational state by adjusting the proper DACs. Each ROC has 19 DAC parameters and 2 control registers to be set and several of them have to be tuned for each ROC individually. These are the analog voltage, thresholds and delays and the pulse height ADC range and linearity. An initial step that is called Pretest is divided into two main steps:
• The analog current is set to the nominal value of 24 mA adjusting the corresponding analog voltage (V ana DAC).
• The signal threshold (V thrComp DAC) and the timing of the internal calibrate signal (CalDel DAC) are tuned to a stable state.
In a second step, the following procedures are performed:
• It is checked that each pixel responds to the calibrate signal in order to determine defective pixels.
• Determination of the bump-bonding quality locating missing bump bonds.
• Test of the functionality of the four threshold trim bits that are used for a threshold unification of all pixels in a ROC (trimming).
In a third step, the main characteristics of a module are determined by performing the following tests:
• Determination of the noise for each pixel by measuring the so called S-Curve, i.e. the efficiency of the pixel as a function of the amplitude of the calibrate signal.
• Set the threshold of each pixel to obtain a uniform response over the whole module (trimming).
• Pulse Height (PH) calibration to establish the dependency of the pulse height amplitude on the injected signal and check the linearity. A previous optimization of the pulse height range is implemented by means of these two DACs : PHOffset and PHScale.
• Verify the absence of sensor breakdown and high leakage current (I-V curve).
A pixel is counted as defective, if one or several of the tests of the second step mentioned above fails. In addition to that, a pixel defect is considered if the pixel is noisy (above 1000 e − ) or shows a strange noise behaviour (below 50 e − ) or if the pixel can not be trimmed to a threshold of V cal = 40. Concerning the PH calibration, a pixel is defective if the linear fit of the PH curve fails, i.e. the gain is below 1.0 ADC/DAC or the pixel saturates in the low V cal range.
V cal calibration with X-rays
To perform tests and calibrations of the readout chain, an internal calibrate signal can be used through a settable voltage called V cal DAC. The test of a full module under an external source such as X-rays allows to check the module response to charge injected to the silicon sensor, and therefore to know the conversion factor between the V cal unit and the corresponding number of electrons seen by the pixel. It is the first time the full modules are exposed to real particle fluxes.
The amplitude of the pulse height in V cal units is measured for the well defined amount of charge generated in the sensor by photon absorption, using the K α lines of different elements. A primary X-ray source and different target materials (Cu (8048 eV), Zr (15755 eV), Mo (17479 eV), and Ag (22163 eV)) has been used for preliminary tests as shown in Fig. 3 .
By measuring the detector signals from these target materials, an absolute calibration curve can be determined. This curve relates the charge generated in the silicon sensor to the measured signal in the detector. The parameters of a linear fit quantify the ratio between the V cal units and the collected charge. In the example shown on Fig. 4 , a slope of 49.4 ± 0.9 e − /V cal unit and an offset of -260 ±70 e − has been found.
Conclusions
The BPIX module production, which is shared among different institutes, is well advanced. The sensors are produced. The final ROC submission is coming soon and all production centers have successfully tested bare module of high quality. The assembly of pre-production modules is ongoing and HDI delivery is basically complete. Start of the mass production is scheduled for beginning of 2015.
